Multi-tissue erythropoietin receptor (EPO-R) expression provides for erythropoietin (EPO) activity beyond its known regulation of red blood cell production. This review highlights the role of EPO and EPO-R in brain development and neuroprotection. EPO-R brain expression includes neural progenitor cells (NPC), neurons, glial cells and endothelial cells. EPO is produced in brain in a hypoxia sensitive manner, stimulates NPC proliferation and differentiation, and neuron survival, and contributes to ischemic preconditioning. Mice lacking EPO or EPO-R exhibit increased neural cell apoptosis during development before embryonic death due to severe anemia. EPO administration provides neural protection in animal models of brain ischemia and trauma, reducing the extent of injury and damage. EPO stimulation of endothelial cells contributes to neuroprotection and is of particular importance since only low levels of EPO appear to cross the blood-brain barrier when administered at high dose intravenously. The therapeutic potential of EPO for brain ischemia/trauma and neurodegenerative diseases has shown promise in early clinical trial and awaits further validation.
Introduction
Erythropoietin (EPO) acts primarily to stimulate erythroid cell production supporting the survival, proliferation and differentiation of erythroid progenitor cells. In addition to hematopoietic cells, expression of the EPO receptor (EPO-R) and EPO response are observed in other cell types including endothelial and neural cells [1] [2] [3] [4] . Mice with targeted deletion of EPO or EPO-R lack definitive erythropoiesis and mature erythrocytes, and die in utero [5, 6] . These mice also exhibit increased apoptosis in brain prior to the severe anemia, raising the possibility that beyond EPO requirement for production of mature red blood cells, EPO signaling may contribute to normal brain development [7, 8] . In addition to EPO production in fetal liver and adult kidney, EPO is produced in brain, in astrocytes and neurons [9] [10] [11] [12] . Local production of endogenous EPO in brain in a hypoxia dependent manner further suggests that EPO may act in a paracrine or autocrine manner to provide neuroprotection. Analogous to its activity in erythroid progenitor cells, EPO can stimulate the survival and proliferation of neural progenitor cells (Table 1) . EPO neuroprotection in animal models of brain ischemia/trauma raise the possibility for EPO therapy in brain injury/disease.
EPO-R in non-hematopoietic cells
EPO-R is expressed in progenitor cells from hematopoietic, endothelial, skeletal muscle and neural tissues [1, 4, [12] [13] [14] . While EPO-R expression is down regulated during differentiation of erythroid cells and myoblasts and is not expressed on mature red blood cells or skeletal muscle, EPO-R expression persists in select vascular endothelial cells and mature neurons. An EPO-R transgene driven by the EPO-R promoter as well as an EPO-R transgene restricted to erythroid cell expression are able to rescue mice that lack EPO-R expression [15, 16] . The absence of gross morphologic defects in mice with EPO-R expression only in hematopoietic cells [16] indicates that further study is necessary to assess normal development and function of brain and other tissue. For example, examination of endothelial cell function in these animals demonstrated impaired ability to mobilize endothelial progenitor cells and increased sensitivity to hypoxia-induced pulmonary hypertension [17] . Although the role of endogenous EPO in development, tissue maintenance and repair of non-hematopoietic tissue is uncertain, increasing evidence from in vitro cell studies and from in vivo animal models suggests that EPO stimulation of progenitor cell proliferation and/or prevention of apoptosis may be useful in selective ischemic or stress events in other tissues or neurodegenerative diseases [4, 12, 18] .
EPO activation of JAK2 in multiple tissues
In erythroid progenitor cells, EPO binds to EPO-R, resulting in activation of the JAK2 and downstream signal transduction pathways including STAT5, PI3 kinase and MAPK [19, 20] . EPO-R protein in erythroid cells has no intrinsic enzymatic activity and consists of an extracellular domain and a cytoplasmic domain, each spanning about 230 amino acids, and a single transmembrane domain. This mature erythroid form of EPO-R is also found in other cells exhibiting EPO response such as endothelial and neural cells [1, 3] . Neural cells exhibit activation of the JAK2/STAT5 and other signal transduction pathways as well as activation of NF-κB signaling pathways [7, 21, 22] . The multi-tissue distribution of EPO-R and EPO response suggest that rather than being instructive for erythroid differentiation, EPO may function more generally to provide proliferative and protective/survival activity during erythropoiesis and contribute to other select tissue development, maintenance and/or repair.
EPO-R in Brain
EPO-R brain expression has been observed during development and adulthood in human and non-human primates and other mammals [10, [23] [24] [25] [26] . In the developing mouse brain during mid gestation, EPO-R localizes in the neural tube in the neuroepithelium that contains proliferating neuroprecursors [8, 23] . The high level of EPO-R expression in the neural tube at E10.5 is comparable to that of adult hematopoietic tissue. Brain expression then markedly decreases with development by several orders of magnitude to modest levels by birth and persists at low levels through adulthood [23] . Direct binding of I 125 labeled EPO localized EPO binding sites to specific adult brain regions including the hippocampus, cortex and midbrain in mouse, and EPO-R expression in adult brain was detected in human in analogous regions and in monkey [10, 27] . Expression of EPO-R in brain particularly in the embryonic stage suggests a role for EPO in brain development and/or tissue maintenance.
Cultures of rat embryonic hippocampal and cortical neurons demonstrated EPO-R expression and EPO protection from glutamate neurotoxicity, and EPO increased survival of embryonic neurons in the absence of trophic factors [3, 7] . Hypoxia induces EPO-R expression in neuronal cells and increases sensitivity to EPO [7, 28] , although transcription of the EPO-R gene does not appear to be directly regulated by hypoxia inducible factor (HIF). Furthermore, EPO treatment provided protection from hypoxia induced cell death in embryonic and postnatal hippocampal neuron cultures [7, 29] . In addition to neurons, EPO-R is expressed in astrocytes and microglia [30] . In erythroid cells EPO induces the erythroid transcription factor, GATA-1, and GATA-1 can transactivate EPO-R expression [20, 31] . In neural NT2 cells the GATA motif in the EPO-R promoter is required for active transcription and the promoter can be transactivated by GATA-3, a transcription factor required for brain development [7, 32] . Furthermore, while EPO induces GATA-1 in erythroid progenitor cells, EPO induces GATA-3 in neural cells. During erythropoiesis, EPO induces a high level of EPO-R expression in CFU-E. In humans, EPO-R expression in adult bone marrow, the primary site of erythropoiesis, is two orders of magnitude greater than in adult brain [31] . High levels of EPO-R expression in erythroid progenitor cells favors efficient splicing of EPO-R transcripts while the lower level of EPO-R expression in neural or brain cells yields both the mature erythroid form of EPO-R mRNA as well as other inefficiently processed forms [31, 33] . Nevertheless, EPO-R in neurons is functional and up regulation of EPO-R expression increases EPO response.
EPO-R is a type I cytokine receptor with a single transmembrane domain that lacks an intrinsic tyrosine kinase domain. In the absence of EPO, EPO-R can form a symmetric inactive homodimer complex on the cell surface mediated largely by the EPO-R transmembrane domains while the cytoplasmic domains can associate with the Janus family tyrosine kinase protein JAK2 [34] . EPO acts by binding to the EPO-R homodimer. EPO binding changes the conformation of the EPO-R, activates phosphorylation activity of JAK2 and phosphorylation of JAK2 and EPO-R, that results in signal transduction involving STAT5, PI3 kinase, MAPK and other signaling molecules [19, 20] . Expression of the mature erythroid form of EPO-R extends beyond the hematopoietic system and includes endothelium and embryonic and adult brain [1, 23] . EPO-R expression in brain appears on various cell types such as mesenchephalic (midbrain), hippocampal and cortical neurons, astrocytes, oligodendrocytes and brain capillary endothelial cells [3, 30, 33] .
Mice overexpressing EPO in brain were useful in demonstrating the requirement for JAK2 activation of ERK-1/-2 and AKT pathways in providing neuroprotection in the middle cerebral artery occlusion model for ischemic brain that was associated with increased Bcl-X L [35] . In specific studies of neuronal cells, EPO treatment of primary hippocampal neurons increases activation of AKT, phosphorylation of Bad, an AKT downstream substrate, and maintains mitochondrial membrane potential preventing the release of cytochrome c and caspase 1, 3 and 8 -like activities [36] . Inhibition of AKT partially reduces EPO neuroprotection, suggesting additional participation of other signaling pathways in EPO neuroprotection. Cultures of cerebrocortical neurons show that EPO activation of JAK2 also results in IκB (inhibitor of NF-κB) phosphorylation, translocation of NF-κB (p65 subunit) to the nucleus allowing for activation of NF-κB dependent neuroprotective genes, and that suppression of IκB blocks EPO neuroprotection [21] . In a model system using a chimera prolactin/EPO receptor with the prolactin binding extracellular and EPO-R cytoplasmic domains expressed in neuroblastoma cells, EPO-R signaling resulted in strong activation of STAT5 and PI 3 kinase/AKT that were required for neuroprotection, as well as MAPK/ERK-1/-2 [37] . In this chimera prolactin/EPO receptor model, EPO-R signaling also induced a modest accumulation of NF-κB (p65) in the nucleus compared with the activation of STAT5, PI 3 kinase/AKT and MAPK. As in erythroid progenitor cells, EPO binding to its receptor on neuronal cells stimulate JAK2 and activates a number of signal transduction pathways that promote cell survival (Figure 1 ).
EPO production in Brain
EPO expression in fetal liver and adult kidney is hypoxia inducible regulated via the hypoxia response element in the 3' region of the EPO gene and reporter genes exhibit transactivation by the dimeric hypoxia-inducible factor-1 (HIF-1) [38] . In neural tissue, EPO is also expressed in astrocytes and neurons and is hypoxia inducible, increasing by more than 100 fold in astrocytes incubated under hypoxic conditions [10] . In intact brain, EPO expression is detected in human embryonic brain and biopsies from human adult hippocampus, amygdala and temporal cortex, and in various areas in brain of monkey. Hypoxia induction of endogenous brain EPO is also observed in monkey or mouse, exposed to reduced pO 2 (8% O 2 ) [10, 39] . Hypoxia induction of EPO in brain persists for up to 24 h or more [40] . In cultures of rat embryonic mesencephalic and adult subventricular zone precursor cells, EPO enhances proliferation and neuronal differentiation [41, 42] , providing further evidence for potential EPO activity in brain. Recently, comparisons of HIF-1α with its isoform, HIF-2α using siRNA technology suggest that HIF-2a, rather than HIF-1a, is the main regulator of EPO expression during hypoxia [43] . In astrocytes, for example, down regulation of HIF-2a but not HIF-1a drastically decreases EPO hypoxic expression [44] . Therapeutic activation of HIF is proposed as an alternate strategy to increase EPO production [45] .
EPO/EPO-R in CNS development

Endogenous EPO/EPO-R expression
EPO and EPO-R are detected during development early before midgestation [7, 8, 46] . EPO and EPO-R is expressed in the central nervous system during human fetal development between 7 and 16 weeks, increases from 8 to 24 weeks [24] . EPO and EPO-R expression remain in human brain through adulthood [10] . EPO also persists in human cerebrospinal fluid after birth and is elevated by hypoxia [47] . In mice, EPO-R is expressed throughout the neural tube in the neuroepithelium by E8.5 and EPO expression follows by 0.5 -1 d, appearing to coincide with HIF-1 expression [8, 25] . EPO-R expression in neural crest-and mesenchyme-derived cells around E10 is also followed by EPO expression one day later. The patterns of EPO-R and EPO expression are consistent with a paracrine and/or autocrine EPO response in developing brain.
Deletion of EPO/EPO-R expression
EPO and EPO-R null mice die around E13.5 due to lack of definitive erythropoiesis [5, 6] , and prior to death in utero, EPO and EPO-R null mice exhibit a thinning of the neuroepithelium and smaller brain size [7, 25] . Mice that lack EPO or EPO-R exhibit incomplete closure of the neural tube at E10.5 when EPO-R is expressed at high levels in wild type mice. Neuronal cells harvested from EPO-R null mice at E10.5 prior to severe anemia in the embryo proper show intrinsic defects such as slower proliferation and increased sensitivity to hypoxic stress [7] . Incomplete closure of the neural tube is also characteristic of HIF-1α −/− embryos that lack expression of the α-subunit of HIF-1 [48] . EPO-R null mice can be rescued by an EPO-R transgene driven by the EPO-R promoter which restores full erythroid potential, normalizes brain development and rescues the increased apoptosis in the EPO-R null embryonic brain [15] . An EPO-R transgene driven by the promoter of the erythroid transcription factor, GATA-1, specifically compensates for EPO-R expression in erythroid cells and these animals survive through adulthood without gross morphologic abnormalities indicating that mice without EPO-R expression in brain are viable [16] . However, adult mice that lack EPO-R in the brain have significantly reduced neurogenesis in the subventricular zone and in a model for stroke have impaired migration of regenerating neurons to the peri-infarct cortex [8] . Coordinated expression of EPO and EPO-R in brain and the resultant brain defects due to lack of EPO/EPO-R suggests a role for EPO signaling during early brain development.
EPO and the blood-brain barrier
EPO in human cerebrospinal fluid
EPO with its molecular weight of 30.4 KD is bigger than the molecular weight threshold for lipid-mediated transport across the blood-brain barrier. Whether EPO can cross the blood-brain barrier is an important question with implications for its use as a neuroprotective agent. Human brain autopsy suggests that EPO and EPO-R are up regulated after ischemic infarct or hypoxic damage [49] . EPO is increased in ventricular cerebrospinal fluid of patients with traumatic brain injury that does not correlate with serum EPO concentration, but does correlate with the degree of blood-brain-barrier dysfunction [50] . Analysis of patients with aneurismal subarachnoid hemorrhage showed elevated EPO concentrations in the cerebrospinal fluid with values above 1 mU/ml in 9 of 18 patients [51] . Elevated EPO in the cerebrospinal fluid did not correlate with serum levels or integrity of the blood-brain barrier, suggesting EPO synthesis in the central nervous system. In patients with traumatic brain injury, EPO was found in cerebrospinal fluid, and did not correlate with serum EPO, but did correlate with degree of blood-brain barrier dysfunction, further indicating that EPO does not cross the blood-brain barrier [50] . Analysis of blood and cerebrospinal fluid from neonates and children showed that while cerebrospinal fluid and plasma EPO were higher in asphyxiated infants, neonates with intraventricular hemorrhage had higher EPO in cerebrospinal fluid but not higher plasma EPO [47] . No correlation between cerebrospinal fluid and serum EPO levels were seen in infants treated with exogenous EPO [47] .
Systemic EPO administration in rodents
The extent and manner in which systemic administration of exogenous EPO could cross the blood-brain barrier was examined specifically using labeled EPO. Intravenous administration of biotinylated-EPO provided evidence for biotin localization around capillaries in mouse brain 5 h after treatment that was eliminated by increase of unlabeled exogenous EPO, suggesting a specific receptor-mediated transport of EPO into the brain [52] . However, free biotin or other nuclear labels occurring from protein degradation complicate studies of EPO transport across the blood-brain barrier. EPO studies limited to 24 h were employed to avoid detection of radioactive degradation products and demonstrated that intravenous injection of radio labeled EPO crosses the intact blood-brain barrier at a very slow rate similar to albumin and was not saturable (characteristic of a receptor mediated transport system), suggesting extracellular pathways [53] . Brain uptake of EPO was 0.05 to 0.1 % of the injected dose per gram of brain, peaking at 3 h after injection and was non-saturable. However, transit of EPO across the bloodbrain barrier may not pose a problem for EPO treatment of stroke or traumatic brain injury since cerebrovascular permeability to EPO and albumin is expected to increase with disruption of the blood-brain barrier. For example, in a rat stroke model, albumin extravasation was observed by 6 h and up to a 3.5 fold increase in albumin permeability within the first 24 h [54] . These data indicate that very low levels of EPO are able to cross the blood-brain barrier.
Intravenous EPO administration in patients and non-human primates
In patients given high doses of EPO intravenously, EPO increase in the cerebrospinal fluid was detected as early as 3 h after administration, followed first order kinetics, and depended on permeability of the blood-brain barrier, providing evidence that EPO transport proceeds via a first order transmembrane or non-receptor-mediated mechanism [55] . After single injection of a high level of EPO, cerebrospinal fluid of EPO reached levels up to 40 mIU/ml with a halflife similar to serum (26 h to 36 h). Intravenous injection if In-111 labeled EPO in healthy and schizophrenic patients resulted in detection of significant radioactivity in brain that peaked at 4 h and persisted for two days [56] . In non-human primates, after intravenous injection, elevated EPO in spinal fluid was detected at 1 h and injection of very high EPO levels resulted in increased levels in spinal fluid expected to be neuroprotective by 2 h and peaking at 4 h [57] . Intraperitoneal injection resulted in a 10 fold lower EPO level, and there was no evidence of receptor mediated transport across the blood-brain barrier [57] .
EPO protection of the blood-brain barrier
EPO has also been observed to provide direct protection of the blood-brain barrier. In rats, EPO pretreatment reduced the increase in blood-brain barrier permeability in pentylentetrazol induced seizures and reduced total seizure duration by 3.8 fold [58] . In an in vitro model of the bovine blood-brain barrier, EPO protected the blood-brain barrier against vascular endothelial growth factor (VEGF)-induced permeability [59] . In addition to its direct protective effect on neurons, protection of the blood-brain barrier may contribute indirectly to EPO neuroprotection.
EPO stimulation of endothelial cells
The endothelial response to EPO may contribute to the beneficial effects of EPO treatment in animal models of ischemic stroke [60, 61] . EPO can promote endothelial cell proliferation and angiogenesis, migration and production of the vasodilator, nitric oxide (NO), and mobilize endothelial progenitor cells. EPO action on endothelial cells mediated by expression of the mature erythroid form of EPO-R increases proliferation and migration [1, 2] . EPO upregulates matrix metalloproteinase 2 (MMP2) in endothelial cells promoting endothelial cell migration and demonstrates angiogenic response in vivo in the chick embryo chorioallantoic membrane [62, 63] . EPO is produced in female reproductive organs in an estrogen and oxygen dependent manner and is indispensable for estrogen-dependent angiogenesis in mouse [64, 65] . In endothelial cell culture EPO protects against anoxia-induced injury, Akt1 activation, maintenance of mitochondrial membrane potential, and inhibition of caspase 8-, 1-and 3-like activities [22] . Endothelial response to EPO is likely to participate in EPO neuroprotection.
EPO mobilization of endothelial progenitor cells
In humans, EPO treatment mobilized circulating endothelial progenitor cells in the peripheral blood in patients with ischemic heart disease and renal anemia as well as healthy subjects [66, 67] . In mice, exogenous EPO mobilization of circulating endothelial progenitor cells promotes repair of injured endothelium with up regulation of EPO-R expression, phosphorylation of Akt and endothelial nitric oxide synthase (eNOS) and nitric oxide (NO) synthesis on circulating endothelial progenitor cells [66, 68] . During exposure to chronic hypoxia, endogenous EPO promotes recruitment of circulating endothelial progenitor cells preventing pulmonary hypertension in wild type mice, but not in mice lacking EPO-R in nonerythroid lineages resulting in acceleration of pulmonary hypertension and vascular remodeling [17] . During embryogenesis, deletion of EPO or EPO-R in mice results in angiogenic defects at midgestation with decreased complexity of vessel networks 3 days prior to embryonic death due to severe anemia [69] . EPO stimulation of endothelial progenitor cells is an important component of EPO activity in vascular injury [68] , and may contribute to EPO protection of in other non-hematopoietic organ systems including the ischemic brain.
EPO and nitric oxide production
EPO has the potential to modulate oxygen delivery through regulation of endothelial NO production. In endothelial cell cultures, although short term exposure to EPO decreases or leaves unchanged eNOS and endothelin-1 expression [70, 71] , the combination of EPO and hypoxia increases EPO-R and eNOS expression, and nitric oxide (NO) and cGMP production, demonstrating a direct effect of EPO on endothelial eNOS and NO production [72] . In transgenic mice expressing high levels of EPO, the high red cell production is accompanied by increased endothelial nitric oxide synthase (eNOS), NO production and NO relaxation, offsetting the adverse effect of elevated hematocrit (up to 80%) [73] . These mice with high hematocrit also exhibit elevated endothelin-1 expression that accounts for increased mortality during acute exposure to L-NAME, an inhibitor of NO synthase [74] . EPO administration for 14 days in healthy rats increased hematocrit as well as eNOS expression and augmented NOdependent vasodilatation [75] . In contrast, in chronic lung disease, endothelium-dependent vasodilatation in response to acetylcholine is inhibited in patients with polycythemia with high hematocrit who may have very low EPO levels, and this inhibition can be reversed by normalization of blood hemoglobin concentration, suggesting that in the absence of high elevation of EPO levels, increased hemoglobin decreases NO bioavailability [76] . Adenoviral vector encoding EPO injected into brain in rabbits stimulated endothelial nitric oxide synthase expression and NO production, increased cGMP in transduced arteries, augmented endothelium-dependent relaxation to acetylcholine and attenuated contractile response to histamine by 48 h after injection without affecting red blood cell count [77] . The participation of EPO in regulation of NO production and blood flow may contribute to its neuroprotective role in brain ischemia. Note, however, that EPO effect on nitric oxide synthase and NO production may depend on cell type or conditions. EPO inhibits expression of inducible nitric oxide synthase (iNOS) in the hippocampus after bilateral carotid occlusion and reperfusion in the gerbil [78] and in primary oligodendrocyte cultures exposed to inflammatory stimuli [79] .
EPO production and endothelial cells
EPO production in brain has also been attributed to endothelial cells. Following ischemic stroke in mice, basal EPO expression in neurons and astrocytes is accompanied by post ischemic EPO expression localizing to endothelial cells 1 day after stroke [11] . In human brain, EPO immunoreactivity appeared in vascular endothelium of fresh infarcts that was associated with acute hypoxic brain damage [49] . Whether EPO production in endothelial cells is sufficient to affect a paracrine EPO response in neural cells has yet to be determined.
EPO and neuroprotection in animal models
EPO and ischemic preconditioning
Prior exposure to sublethal ischemia or hypoxia can provide tolerance to cerebral ischemia or preconditioning. For example, mice exposed to sublethal low levels of oxygen tension 24 h prior to focal permanent ischemia in mice resulted in a reduction in infarct volumes [80] . Preconditioning was associated with cerebral expression of HIF-1α and HIF-1 target genes such as EPO and VEGF. The importance of endogenous EPO in hypoxia preconditioning for cerebral infarct in mice was demonstrated by administration of soluble EPO-R in the cerebral ventricle that reduced the protective effect in the rage of 40%-88% [39, 81] . In an in vitro model of cerebral ischemia, EPO mediated ischemic tolerance in primary cortical neurons, and soluble EPO-R, anti-EPO-R antibody and a JAK2 inhibitor blocked protection [82] . In the retina, hypoxic preconditioning protects against light-induced apoptosis and interferes with caspase-1 activation, and this activity could be mimicked by EPO injected intraperitoneally to provide neuroprotection to retinal photoreceptors [83] . High levels of transgenic EPO expression in the retina also protected against light-induced degeneration of photoreceptors but not in genetic models of retinal degeneration [84] .
Increasing brain EPO
The neurotrophic effects of EPO demonstrated by in vitro neural cell cultures and by defects associated with deletion of EPO/EPO-R expression in brain suggest possible EPO protective action before, during or after neuronal injury. Studies in animal models show the potential for EPO neuroprotection in brain ischemia or trauma. Evidence that endogenous EPO may provide neuroprotection was first demonstrated in gerbils with mild brain ischemic treatment after infusion into the lateral ventricle of soluble EPO-R capable of binding EPO resulting in neuronal degeneration and impaired learning ability [85] . Infusion of exogenous EPO was neuroprotective against ischemic damage of hippocampal CA1 neurons and ischemia-induced learning disability. In mice after cerebral infarct induced by focal permanent ischemia, induction of EPO-R in brain is observed in endothelial cells, microglia and astrocytes in a temporal manner followed by induction of EPO expression [11] . Intracerebral injection of exogenous EPO 24 h prior to challenge reduces infarct volume by about 50%. In rats, permanent ischemia of the left cortex resulted in up regulation of EPO-R expression in the periphery or ischemic penumbra [86] . Infusion of EPO into the cerebroventricle just after middle cerebral artery occlusion was neuroprotective, reduced secondary thalamic degeneration and reduced ischemia-induced place navigation disability. Induction of EPO-R is also observed in cerebral ischemia in the neonatal rat brain in ischemic areas [87] . These studies provide evidence for increase of EPO-R after infarct to facilitate EPO signaling and provide protection to minimize the damage or damaged area, and that administration of exogenous EPO directly to brain significantly reduces damage and infarct size in rodent models. As a potential treatment in neurodegenerative disease, in a mouse model of Parkinsonism induced by drug treatment, exogenous EPO injected above the substantia nigra improved locomotor activity and survival of dopaminergic neurons [88] . These animal models suggest the potential for direct administration of EPO in brain for treatment of brain ischemia/trauma or disease.
Intravenous/intraperitoneal EPO administration
The size of EPO limits its ability to cross the blood-brain barrier [53] . However, in neonatal or adult rats after focal brain ischemia, brain trauma or experimental autoimmune encephalomyelitis systemic or intraperitoneal administration of exogenous EPO is neuroprotective [52, 89, 90] . Intravenously administered EPO also provides protection in animal models for spinal cord injury with improved functional neurological status [91, 92] . The neuroprotective effects of systemic or intraperitoneal EPO administration suggest that sufficient amounts of exogenous EPO cross the blood-brain barrier to provide a direct neuroprotective effect, or that exogenous EPO acts on the other side of the blood-brain barrier and provides neuroprotection via an indirect mechanism. For example, in focal ischemia in rats, exogenous EPO administered intraperitoneally reduces astrocyte activation, recruitment of leukocytes and microglia to the infarct area and reduces proinflammatory cytokine production by more 50% [93] . EPO-increased vascular endothelial growth factor and brainderived neurotrophic factor (BDNF) observed in rats treated with exogenous EPO 24 h after embolic stroke may be the direct contributors to angiogenesis and neurogenesis associated with brain repair [60] . In cultures of rat hippocampal neurons, EPO can directly increase BDNF expression [94] . Increase in EPO bioavailability by over expression in brain or by intravenous injection can also modulate ventilatory response to hypoxia [95] . In experimental subarachnoid hemorrhage in rats, subcutaneously administered EPO provided protection preserving cerebral blood flow autoregulation [96] . Modeling other neurodegenerative disorders, intraperitoneal EPO administration enhances cognitive functioning in a conditioned taste aversion mouse model that may relate to schizophrenia [56] . Whether or not EPO crosses the blood-brain barrier, systemic EPO administration is protective in these animal models of brain ischemia/ trauma or disease.
EPO and oligodendrocytes
EPO may play a role in activation of oligodendrocyte progenitors or protection of oligodendrocytes. EPO and EPO-R are expressed in oligodendrocytes and EPO promotes oligodendrocyte differentiation/maturation in culture [97] . EPO exhibits antineuroinflammatory activity in experimental autoimmune encephalomyelitis in mice improving neurological functional recovery and increasing oligodendrocyte progenitor cell proliferation, and, in culture, EPO has been shown to protect oligodendrocytes from interferon-γ and lipopolysaccharide cytotoxicity specifically inducible nitric oxide synthase (iNOS) expression and nitrite production [79, 98, 99] . In the rat model for spinal cord in jury EPO treatment reduces apoptotic oligodendrocytes and promotes preservation of white matter [100, 101] . Protection of oligodendrocytes has implications for neurological disorders such as for multiple sclerosis and spinal cord injury.
EPO neuroprotection and endothelium
Endothelial cells are an important component to the neural stem cell niche [102] , raising the possibility that EPO stimulation of endothelium may contribute directly to neurogenesis and/ or neuroprotection. Rats treated with EPO (intraperitoneally) at 24 hours following ischemic stroke exhibited increased VEGF and BDNF levels in brain as well as angiogenesis and neurogenesis [60, 61] . EPO enhanced angiogenesis around the ischemic boundary region and induced neuroblast migration toward this region, suggesting a link between these two processes [61] . In co-culture, EPO promoted mouse brain endothelial cell-coupled migration of neural progenitor cells from adult subventricular zone and up regulation in endothelial cells of MMP2 and MMP9 secretion that directly increases neural progenitor cell migration, but EPO activated endothelial cells did not increase neural progenitor cell differentiation. Endothelial response is likely an important contributor to EPO neuroprotection in vivo (Figure 2) . Conversely, endothelial response to elevated EPO levels or to the resultant high hematocrit might be deleterious and contribute to deteriorating outcome after stroke should NO production reach toxic levels or exacerbate formation of free radicals and/or endothelial activation [103, 104] .
EPO as potential treatment in human brain disease
A pilot proof-of-concept clinical study of EPO treatment for ischemic stroke confirmed by MRI indicated a trend for reduction in infarct size and improvement in follow-up and outcome scales in patients treated within 8 h of clinical symptoms [105] . With intravenous treatment during the first three days after stroke, EPO in the cerebrospinal fluid increased almost two orders of magnitude greater than untreated patients. Larger trials are warranted to validate the therapeutic potential of EPO in brain disease [106] .
Modified EPO/EPO-R
EPO administration can give rise to high hematocrit that increases blood viscosity, which can compromise the endothelial and neuroprotective activity associated with EPO. For example, endothelial response to excessive oxygen supply via increased hematocrit and NO-mediated vasodilation might lead to elevated ROS (reactive oxygen species) production and be deleterious [103, 104] . Adverse events associated with EPO treatment include hypertension and increase in inflammatory markers and thrombosis. Rats with partial nephrectomy treated with EPO exhibited a rise in blood pressure even without the correction of anemia (achieved by an iron deficient diet) [107] . Transgenic mice expressing high levels of EPO with high hematocrit exhibit no change in cerebral blood flow but reduced brain vessel density and increased vessel diameter, no significant increase in vascular permeability although apparent vascular endothelial cell activation, and following permanent middle cerebral artery occlusion (MCAO), a 49% increase in infarct volume [103, 104] . Several strategies have been proposed in efforts to separate the neuroprotective effects from the erythropoietic effects of EPO.
Asialoerythropoietin
Glycosylation of EPO is necessary for stability in the circulation and asialoerythropoietin is rapidly cleared from blood, although in vitro asialoerythropoietin has a higher specific activity and binds faster to hematopoietic cells [108] [109] [110] . Asialoerythropoietin exhibited neuroprotection in rodent models for focal ischemia and hypoxia in brain and spinal cord compression when administered intravenously at the time of challenge or 24 h before [111] [112] [113] . Therefore, because of its rapid clearance from the circulation, asialoerythropoietin administration in rodents is able to uncouple stimulation of erythropoiesis from the neuroprotective effects associated with EPO.
Carbamylated EPO
Carbamylation of the lysines in EPO interferes with binding to EPO-R on hematopoietic cells, did not increase hematocrit even after 8 weeks of administration in rats, but bound to neural cells, protected them from apoptosis and exhibited comparable neuroprotective activity as EPO in focal ischemia in rats [114] . While both carbamylated EPO and asialoerythropoietin provide neuroprotection in vivo in animal models without stimulation of erythropoiesis, asialoerythropoietin is able to bind to the mature erythroid form of EPO-R while carbamylated EPO does not, suggesting that carbamylated EPO might be binding to an alternate receptor or heteromeric receptor complex.
An alternate EPO receptor?
In hematopoietic cell lines, EPO stimulated a transient phosphorylation of the common betachain (human CD131) shared by receptors for GM-CSF, IL-3 and IL-5, and a direct interaction between EPO-R and the common beta-chain was observed in cells overexpressing EPO-R [115, 116] . Mice that lack the common beta-chain exhibit normal EPO response in hematopoietic cells indicating that the common beta-chain does not participate in erythropoiesis [117] . However, in a spinal cord compression model with intraperitoneally administered EPO, common beta chain null mice do not exhibit the accelerated recovery with EPO or carbamylated compared with wild type mice treated with carbamylated EPO [118] . A heterocomplex between the common beta chain and EPO-R has been proposed as a nonhematopoietic receptor mediating EPO protection [119] . The cell specificity and the molecular structure and/or interactions between carbamylated EPO and its receptor and the molecular interactions between the common beta chain and EPO-R and their functional specificity have yet to be determined.
Conclusion
EPO increases red cell mass resulting in elevated oxygen delivery, Rather than being specific for erythroid cell differentiation, EPO may act more generally as a survival factor for select progenitor cells and neurons. EPO activity appears to be optimum with up regulation of EPO-R and increased bioavailability of EPO in the local environment. In brain EPO has the potential to provide neuroprotection indirectly via regulation of the red cell mass and/or stimulation of endothelium, or directly in maintenance of neurogenesis or survival of neurons undergoing stress/ischemic challenge ( Figure 3) . The well-known hypoxia induction of circulating EPO and its required role in production of mature red blood cells results in possible neuroprotective activity through regulation of oxygen delivery to the tissues including brain. EPO can also elevate blood oxygenation indirectly via increase ventilation. EPO effect on endothelium can also contribute to EPO neuroprotection as endothelial response to EPO can modify production of factors that regulate blood flow, endothelial cell survival, endothelial progenitor cell mobilization and angiogenesis, and secretion of factors that affect neurogenesis and neuroblast migration. EPO production in neural cells can increase the local bioavailability of EPO independent of transit through the blood-brain barrier to promote neuronal cell survival, neurogenesis and migration of regenerating neurons. These activities of EPO in cell culture and in animal models provide evidence for endogenous EPO production as a neuroprotective agent for tissue maintenance, and suggest its potential as a therapeutic cytokine for brain trauma, ischemic challenge or neurodegenerative disease.
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